Introduction
It is well established that leukocyte recruitment into sites of inflammation is associated with angiogenesis, and there is considerable evidence to suggest that angiogenesis and inflammation occur in an interactive and overlapping manner (1) (2) (3) (4) . Vascular endothelial growth factor (VEGF) is a potent angiogenesis factor that has important roles in both normal physiological as well as pathological vasculogenesis and angiogenesis (5) (6) (7) . VEGF stimulates endothelial cell proliferation and migration in vitro, and has also been found to reprogram endothelial cell gene expression and to prevent endothelial cells from undergoing apoptosis and senescence (7, 8) . In addition, VEGF acts as a proinflammatory cytokine by increasing endothelial cell permeability, by inducing the expression of endothelial cell adhesion molecules, and via its ability to act as a monocyte chemoattractant (9) (10) (11) . Thus, VEGF is likely a key intermediary between cellmediated immune inflammation and the associated angiogenesis reaction.
VEGF is produced by endothelial cells, macrophages, activated T cells, and a variety of other cell types (7, 12, 13) . It is a heparin-binding, homodimeric glycoprotein with several protein variants resulting from alternative mRNA splicing (5) . VEGF binds to three high-affinity tyrosine kinase receptors, Flt-1 (VEGFR-1), KDR (VEGFR-2) (7) and neuropilin (14) , expressed almost exclusively by endothelial cells, although Flt-1 is also expressed by monocytes (15) . The major stimulus for VEGF expression is hypoxia (16) , but other factors that can upregulate VEGF expression include the degree of cell differentiation; local concentrations of glucose and serum; hormones; prostaglandins; modulators of protein kinase C; nitric oxide; and stimulators of adenylate cyclase (7, (17) (18) (19) (20) . In addition, we recently demonstrated that ligation of CD40 on endothelial cells and monocytes by CD40 ligand (expressed on platelets and activated T cells) is potent for the induction of VEGF, thereby linking immune inflammation with angiogenesis (12, 21) .
Vascular endothelial growth factor (VEGF), an established angiogenesis factor, is expressed in allografts undergoing rejection, but its function in the rejection process has not been defined. Here, we initially determined that VEGF is functional in the trafficking of human T cells into skin allografts in vivo in the humanized SCID mouse. In vitro, we found that VEGF enhanced endothelial cell expression of the chemokines monocyte chemoattractant protein 1 and IL-8, and in combination with IFN-γ synergistically induced endothelial cell production of the potent T cell chemoattractant IFNinducible protein-10 (IP-10). Treatment of BALB/c (H-2 d ) recipients of fully MHC-mismatched C57BL/6 (H-2 b ) donor hearts with anti-VEGF markedly inhibited T cell infiltration of allografts and acute rejection. Anti-VEGF failed to inhibit T cell activation responses in vivo, but inhibited intragraft expression of several endothelial cell adhesion molecules and chemokines, including IP-10. In addition, whereas VEGF expression was increased, neovascularization was not associated with acute rejection, and treatment of allograft recipients with the angiogenesis inhibitor endostatin failed to inhibit leukocyte infiltration of the grafts. Thus, VEGF appears to be functional in acute allograft rejection via its effects on leukocyte trafficking. Together, these observations provide mechanistic insight into the proinflammatory function of VEGF in immunity.
Little is known about the function of VEGF in alloimmunity. However, VEGF has been observed in human renal and cardiac allografts, and its expression is associated with acute and chronic rejection (22) (23) (24) (25) . Here, we provide evidence that VEGF functions in the local trafficking of allogeneic leukocytes in vivo and that anti-VEGF is potent in inhibiting the development of acute allograft rejection. These observations provide insight into a general role for VEGF in inflammation and provide compelling evidence that VEGF is of importance in alloimmunity.
Methods
Reagents. The following antibodies were used for immunohistochemistry in these studies: anti-mouse CD3, -CD4, -CD8, -CD45, and -CD31 (BD Pharmingen, San Diego, California, USA); anti-mouse IFNinducible protein-10 (IP-10) (Antigenix America Inc., Huntington Station, New York, USA); Pan Macrophage Marker (Biosource International, Camarillo, California, USA); anti-human CD3, -CD68, and -vWF (Dako, Carpenteria, California, USA); and anti-human VEGF (Santa Cruz Biotechnology Inc., Santa Cruz, California, USA). Neutralizing monoclonal anti-human VEGF for in vivo studies was a gift from Genentech Inc. (South San Francisco, California, USA) (26, 27) , and neutralizing monoclonal hamster anti-murine IP-10 for in vivo studies was generated as described (28) . The recombinant human cytokines IFN-γ and human VEGF 165 were purchased from R&D Systems (Minneapolis, Minnesota, USA). Human IgG was purchased from Sigma Aldrich (St. Louis, Missouri, USA), and cyclosporine was purchased from Novartis (Basel, Switzerland). Endostatin (29-31) was a gift from Kashi Javaherian and Judah Folkman (Children's Hospital, Boston, Massachusetts, USA).
Generation of anti-VEGF antiserum. Anti-murine VEGF antiserum was prepared by Maine Biotechnology Services (Portland, Maine, USA) according to the methods of Tilton et al. (32) . We used the N-terminal sequence of secreted VEGF, CAPTTEGEQKSHEVIKFMD-VYQRSY, coupled with keyhole limpet hemocyanin using the maleimidobenzyl-N-hydroxylsuccinimide ester crosslinker. New Zealand White rabbits were then immunized with 500 µg of peptide in complete Freund's adjuvant by subcutaneous injection. Rabbits received further immunizations of 250 µg peptide in incomplete Freund's adjuvant every 3 weeks. After 6 weeks, anti-VEGF titers were tested by standard ELISA. High titers of anti-VEGF were present in antisera up to a dilution of 1:156,000. Neutralizing activity was assessed in vitro by evaluation of the ability of the antiserum to inhibit murine VEGF-induced proliferation of human umbilical vein endothelial cells (HUVECs) as described (12) . The VEGF-neutralizing activity of the antiserum was also assessed in vivo using a modified version of a standard VEGF-induced angiogenesis assay (33) . Briefly, Chinese hamster ovary (CHO) cells (1 × 10 5 cells) expressing VEGF, as described (34), were injected into the ears of nude mice. The mice received control serum or anti-VEGF antiserum (0.8 ml) intraperitoneally daily starting at day -1. Marked angiogenesis was evident at days 2-4 in control serum-treated mice, but not in mice that received anti-VEGF antiserum ( Figure 1) . Overall, using this in vivo assay, there was inhibition of about 80% of VEGF-induced angiogenesis by the antiserum.
Animals. CB.17 SCID, C57BL/6 (H-2 b ), and BALB/c (H-2 d ) mice were purchased from Taconic (Germantown, New York, USA) and were used at age 6-8 weeks. IP-10 -/-mice on a pure 129Sv/J (H-2 b ) background were generated as described (35) .
Humanized SCID model. Full-thickness human neonatal foreskin grafts were transplanted onto CB.17 SCID mice as described (4, 36) and were allowed to heal for 4-6 weeks. For humanization, peripheral blood lymphocytes (PBLs) were isolated from leukapheresis packs obtained from the Blood Donor Centers at the Children's Hospital and the Dana Farber Cancer Institute (Boston, Massachusetts, USA). All animals received 100 µl of anti-asialo GM1 at 24 hours prior to the transfer of 3 × 10 8 PBLs by intraperitoneal injection. Antihuman VEGF (Genentech Inc.) was administered on day -2, at the time of humanization, and every other day (5 mg/kg intraperitoneally in 100 µl saline) as
Figure 1
Anti-VEGF antiserum neutralizes VEGF in vivo. The VEGF-neutralizing activity of antiserum was assessed in vivo using a modified version of a standard VEGF-induced angiogenesis assay. Briefly, CHO cells (1 × 10 5 cells) expressing VEGF were injected into the ears of nude mice. The mice received control serum or anti-VEGF antiserum (0.8 ml) intraperitoneally daily starting at day -1. Marked angiogenesis was evident at days 2-4 in control serum-treated mice. Overall, using this in vivo assay, there was inhibition of ∼80% of VEGFinduced angiogenesis by the antiserum.
described (26, 27) . Control mice received 100 µl saline or human IgG. Animals were sacrificed and skin grafts were harvested after 7 or 14 days. All protocols were in accordance with the Animal Care and Use Committee at Children's Hospital (Boston, Massachusetts, USA).
Immunohistochemistry. Frozen specimens were fixed in acetone, and formalin-fixed specimens were deparaffined. Immunohistochemistry was performed with primary and secondary horseradish peroxidase-conjugated antibodies on frozen sections as described (4, 12) and on paraffin-embedded sections using the VectaStain Kit (Vector, Burlinghame, California, USA) and the Tyramide Signal Amplification (TSA) Biotin system (NEN Life Science Products, Boston, Massachusetts, USA) according to the manufacturers' instructions. All specimens were developed in 3-amino ethylcarbazole (4, 12) and were counterstained in Gill's hematoxylin.
Grid counting. A standard calibrated grid method was used to quantitatively compare the amount of cellular infiltrate in skin grafts as described (36) . Leukocytes were quantitated by counting the immunopositive cells within a calibrated grid at ×400 magnification. Four to six adjacent nonoverlapping fields of each specimen were analyzed by two experimenters blinded to sample identity, and mean counts were calculated.
Murine cardiac transplantation. BALB/c (H-2 d ) mice were used as recipients of fully MHC-mismatched C57BL/6 (H-2 b ) or IP-10 -/-(H-2 b ) donor hearts. Vascularized intra-abdominal heterotopic heart transplantation was performed as described (37) . Recipients received intraperitoneal injections of (a) 0.8 ml of neutralizing anti-murine VEGF antiserum, or control rabbit serum, intraperitoneally (38) on days -1, 0, 2, 4, and 6; (b) neutralizing anti-IP-10 (200 µg) (39) intraperitoneally on days -1, 1, 3, 5, and 7; or (c) endostatin, 20 mg/kg/day (30), subcutaneously from day 0 to day 7 as outlined in Results. Donor hearts were either harvested after 7 days as indicated, or were monitored for the development of rejection. Harvested grafts were divided into three parts and were either "snap frozen" in liquid nitrogen or fixed in formalin for later analysis. Spleen cells obtained from recipients 7 days after transplantation were used in ELISPOT assays as described (40) . Briefly, responder cells from controls or anti-VEGF-treated recipients were cocultured with stimulator donor spleen cells in a mixed lymphocyte reaction (MLR) for 48 hours. ELISPOT for IFN-γ (BD Pharmingen) was performed to assess priming to alloantigen.
Cell culture. HUVECs were isolated from umbilical cords and were cultured as previously described (41) . Murine endothelial cells were isolated from mouse heart by collagenase digestion and by subsequent sorting using magnetic beads (anti-CD31 and anti-ICAM-2) as described (42) . The purity of endothelial cell cultures was determined by the assessment of baseline cell surface expression of vWF and CD31 and by the cytokine-inducible expression of E-selectin. PBLs or mouse splenocytes were isolated by FicollHypaque gradient centrifugation from blood obtained from healthy volunteers, and MLRs (human, 2 × 10 5 cells/well; mouse, 4 × 10 5 cells/well) were performed according to standard procedures (43) . Proliferation was assessed after 3 days (mouse) or 5 days (human) by [ 3 H]thymidine (1 µCi/ml) incorporation for the last 18 hours of the coculture. Reagents or controls were added to cultures as indicated and ELISA was performed for analysis of IFN-γ (Endogen Woburn, Massachusetts), IL-2, or IP-10 (R&D Systems) in coculture supernatants according to the manufacturers' instructions.
RT-PCR and RNase protection assays. RNA isolated from cultured HUVECs, skin, and heart samples using the Ultraspec RNA Isolation System (Biotecx Laboratories, Houston, Texas, USA) was reverse-transcribed and PCR was performed using standard techniques (12) . Sequence-specific primers for PCR were human VEGF (sense primer, 5′-TCACCGCCTCG-GCTTGTCACA-3′; antisense primer, 5′-ATGAACTTTCT-GCTGTCTTGG-3′), and β-actin (Stratagene, La Jolla, California, USA) was used as an internal control. PCR reactions were performed under the following conditions: 1 cycle at 94°C for 5 minutes followed by 35 cycles at 94°C for 1 minute, 60°C for 1 minute, and 72°C for 1 minute. The last cycle was extended to 7 minutes at 72°C. The amplified products were resolved by electrophoresis in an ethidium bromide-stained 1.5% agarose gel.
RNase protection assays were performed using the RiboQuant multiprobe template system (BD Pharmingen) according to the manufacturer's instructions (12) . Relative signals were detected by autoradiography with Kodak MR film, and expression was quantified by densitometry by means of an AlphaImager 2000 system (Alpha Innotech, San Leandro, California, USA). For quantification, signals were standardized to the internal housekeeping gene GAPDH.
Statistical analysis. Data were compared by nonparametric analysis using the Log Rank Test for allograft survival studies, and the Mann-Whitney test was used for immunohistological studies. P values less than 0.05 were considered statistically significant.
Results

Function of VEGF in allogeneic human leukocyte recruitment.
We first used the huSCID mouse to determine the effect of VEGF on leukocyte trafficking into human skin. This model is unique, as circulating human leukocytes in the huSCID mouse selectively interact with human endothelial cells in the skin allograft (4, 36, 44) , allowing for the analysis of molecules involved in endothelial cell-dependent mechanisms of human leukocyte trafficking. In our model, human foreskin is transplanted onto SCID mice and is allowed to heal for 4-6 weeks. After adoptive transfer of human PBLs into the mouse by intraperitoneal injection, CD4 + and CD8 + T cells as well as CD68 + monocytes/macrophages infiltrate the human skin over 7-14 days (4). As previously described (36) , healed human skin in the huSCID mouse is vascularized by both human and mouse vasculature, but human alloreactive leukocytes selectively interact and mediate vasculitis of only the human vessels. Thus, skin allografts do not slough in this model, as the murine vasculature maintains blood flow and integrity of the skin despite marked leukocyte infiltration and marked vasculitis of the human vessels (4, 44) .
We initially evaluated the expression of VEGF in noninfiltrated and infiltrated human skin specimens from nonhumanized or huSCID mice, respectively, and
Figure 3
Function of VEGF in human leukocyte recruitment. Saline, IgG, or anti-human VEGF were received by huSCID mice bearing human skin transplants. (a-i) Skin grafts were harvested 14 days after humanization and infiltrates were identified by H&E staining (a-c), by immunostaining with anti-human CD3 (d-f), and by immunostaining with anti-human CD68 (g-i). Treatment of huSCID mice with anti-human VEGF inhibited both CD3 + T cell (f) and CD68 + monocyte macrophage (i) infiltration of skin. (j) Quantitative assessment of CD3 + T cell infiltrates was performed by calibrated grid counting at a magnification of ×400 in skin specimens harvested at either day 7 or day 14 following humanization. The mean CD3 count per calibrated field is illustrated in skins harvested from animals treated with saline (n = 7 at day 7; n = 10 at day 14), anti-human VEGF (n = 5 at day 7; n = 10 at day 14), or control IgG (n = 4 at day 14).
found enhanced VEGF mRNA and protein expression in association with infiltrates ( Figure 2) . By immunohistochemistry, VEGF protein was expressed by both inflammatory infiltrates and by vascular endothelial cells (Figure 2, d and e) . In contrast, in skin specimens without infiltrates, VEGF was only found on keratinocytes and endothelial cells with minimal expression overall (Figure 2f ). We treated huSCID mice with a neutralizing antihuman VEGF, human IgG, or saline. Consistent with its known function as a monocyte chemoattractant (11) anti-VEGF had a significant inhibitory effect on the recruitment of CD68 + monocytes/ macrophages (Figure 3) . Few CD68 + cells were evident in skins harvested from animals treated with anti-VEGF (Figure 3i ). Moreover, we unexpectedly found that anti-VEGF was most potent at inhibiting CD3 + T cell trafficking into human skin (Figure 3, d-f) . By quantitative grid counting analysis, there was a statistically significant decrease in CD3 + T cell infiltrates in anti-VEGF-treated huSCID animals both at day 7 and at day 14 (Figure 3j) . Therefore, VEGF is functional for peripheral recruitment and for the trafficking of human allogeneic lymphocytes and monocytes in vivo.
We also assessed the effect of anti-VEGF on the angiogenesis reaction, which we have previously reported to be associated with mononuclear cell infiltration in this model (4) . Our findings were that anti-VEGF markedly inhibited angiogenesis (data not shown), which is consistent with the interpretation that locally expressed VEGF is also of functional importance in leukocyte-associated angiogenesis.
In vitro analysis of VEGF-dependent chemokine production in endothelial cells. The function of VEGF as a monocyte chemoattractant is established in vitro (11) . However, our finding that VEGF promotes T cell recruitment has not been previously reported in vitro or in vivo, to our knowledge. To study the mechanism of function of VEGF on T cell recruitment, we next assessed the effect of VEGF on human endothelial cell activation in vitro. Treatment of confluent cultures of endothelial cells with increasing concentrations of VEGF resulted in a dose-dependent increase in the expression of the endothelial cell adhesion molecules E-selectin, ICAM-1, and VCAM-1 (not shown, and as reported by others [refs. 9, 10] ). In addition, after treatment with VEGF, we found that the endothelial cell expression of the chemokines monocyte chemoattractant protein 1 (MCP-1) and interleukin-8 (IL-8) was also increased (Figure 4a ). MCP-1 peaked in expression between 1 and 5 hours following treatment, and expression persisted for up to 24 hours (Figure 4b ). In contrast, IL-8 peaked in expression at approximately 2 hours following treatment, and decreased in expression by 24 hours. But there was no increase in the expression of the T cell-chemoattractant chemokines lymphotactin, RANTES, IP-10 (Figure 4 ), or Mig (not shown) after VEGF treatment.
Since IFN-γ-induced chemokines play a major role in the local recruitment of allogeneic lymphocytes, we also determined an effect of VEGF on IFN-γ-mediated activation of the potent T cell-chemoattractant chemokines IP-10 and Mig. We treated endothelial cells with IFN-γ and found induced expression of IP-10 and Mig, as reported (45, 46) . Moreover, we observed that a combination of VEGF with IFN-γ resulted in a synergistic induction of endothelial cell IP-10 mRNA and Blockade of VEGF in a fully MHC-mismatched murine model of acute cardiac allograft rejection. Our results also raise the possibility that VEGF is of importance in allograft rejection. Allograft rejection is a complex multicellular process that is critically dependent upon T cell recognition of alloantigen processed and presented to T cells by either donor or recipient antigen-presenting cells (47) . The subsequent recruitment of activated T cells and effector cells into an allograft has been shown to be mediated in part by locally expressed leukocyteendothelial adhesion molecules (48) and chemokines (49) . We used a physiological in vivo model of acute allograft rejection in which fully MHC-mismatched C57BL/6 (H-2 b ) donor hearts were transplanted into BALB/c (H-2 d ) recipients. Similar to our findings in the huSCID mouse (above), VEGF was expressed in association with graft infiltrates and acute rejection ( Figure  5, a and b) . Administration of our neutralizing anti-VEGF antiserum resulted in a significant prolongation of allograft survival up to 25 days after transplant versus 11 days in control serum-treated animals ( Figure  5c , P < 0.01). Severe cellular rejection with extensive mononuclear cell infiltration and myocyte necrosis was evident in sections of rejecting grafts at day 7 in recipi- ents treated with control rabbit serum ( Figure 5, d-g ). In contrast, we observed only a mild to moderate infiltrate, reduced numbers of CD3 + T cells and monocytes/macrophages, less myocyte damage, and minimal vasculitis in allografts from recipients treated with anti-VEGF antiserum ( Figure 5, i-l) . Moreover, the T cell chemoattractant IP-10 was observed in abundance on multiple cell types in rejecting grafts (Figure 5h ), but there was minimal expression in grafts harvested from animals treated with anti-VEGF (Figure 5m) . Therefore, the intense expression of VEGF in allografts in vivo is of mechanistic significance in promoting the development of rejection.
Mechanism of function of VEGF in allograft rejection in vivo. The effect of anti-VEGF on leukocyte trafficking and allograft rejection in our in vivo studies could be explained by an effect of VEGF on T cell activation responses. However, the addition of our antibodies against VEGF to cocultures in human or mouse MLRs failed to inhibit T cell activation responses ( Figure 6 , a and b). Also, the in vivo priming of T cells to alloantigen as manifested by ELISPOT analysis of IFN-γ in murine recipients of allografts (above) was unaltered by anti-VEGF treatment (Figure 6c ). Thus, VEGF does not function in alloimmune T cell activation in vitro or in vivo.
We next assessed whether the intense intragraft expression of VEGF in acute rejection could mediate leukocyte recruitment in part via neovascularization. By immunohistochemistry, we found that endothelial CD31 was expressed diffusely on large vessels as well as microvessels throughout all grafts examined (Figure 7a) . Moreover, the staining pattern of CD31 as well as the vascularization of isografts was very similar to that found in anti-VEGF-treated grafts. In contrast, we found fewer CD31-expressing vessels in control Ig-treated rejecting grafts; and some focal areas of rejecting grafts were devoid of any vascular staining (Figure 7a , and not shown). To assess the possibility of a role for angiogenesis in acute rejection, we also treated animals with endostatin, a known endothelial cell-specific inhibitor of angiogenesis (29) (Figure 7, b-d) . Our findings were that endostatin had a minimal effect on allograft survival, prolonging survival in three of eight animals; and failed to have any effect on leukocyte trafficking into the graft (Figure 7, b-d) . Because the effect of endostatin was so markedly different than that following treatment with anti-VEGF ( Figure 5 ), we interpret these data as suggesting that VEGF mediates leukocyte trafficking into an allograft independent of an effect on angiogenesis.
To further define the role of VEGF in T cell recruitment into cardiac allografts, we examined the effect of VEGF in primary cultures murine myocardial endothelial cells in vitro. In contrast to our findings in human endothelial cells, we found that VEGF alone induced the expression of IP-10 in murine endothelial cells (Figure 8a) . Thus, it is possible that VEGF may regulate T cell trafficking primarily via IP-10-dependent mechanisms. Indeed, local intragraft endothelial cell expression of IP-10 has been previously reported to be of critical importance in the recruitment of T cells into allografts in rejection (39) . Transplanted animals were next treated with neutralizing anti-IP-10 alone or in combination with anti-VEGF (Figure 8b ). Our findings were that anti-IP-10 alone prolonged graft survival, and that combined treatment with anti-IP-10 and anti-VEGF significantly prolonged allograft survival versus treatment with anti-IP-10 alone or anti-VEGF alone (Figure 8b , P < 0.005 and P < 0.03, respectively). This is suggestive that a major effect of anti-VEGF in vivo is independent of IP-10. To further confirm this interpretation, we also transplanted allografts from IP-10 -/-donors into wild-type mice and again found that anti-VEGF prolonged survival in the absence of local IP-10 production (Figure 8c , P < 0.04). Lastly, we examined adhesion molecule and chemokine expression in vivo in cardiac allografts harvested on day 7 from control or anti-VEGF-treated wild-type mice. By RNase protection assay, we found a significant decrease in the expression of E-selectin, ICAM-1, and VCAM-1 in anti-VEGF-treated animals compared with that of controls (Figure 9a ). In addition, anti-VEGF markedly inhibited the intragraft expression of several T cell-chemoattractant chemokines (including lymphotactin, RANTES, and IP-10) as well as the monocyte chemoattractant MCP-1 (Figure 9b) . Thus, blockade of VEGF in vivo inhibits the local expression of several chemokines that are not directly regulated by VEGF. We interpret our findings as suggesting that VEGF is of importance in allograft rejection at early times after transplantation and prior to the induced expression and function of T cell-derived chemokines. Intragraft VEGF expression appears to promote early T cell and monocyte trafficking, and subsequent activation events result in additional VEGF expression as well as the expression of chemokines (including IP-10); both of these effects are additive in promoting rejection.
Discussion
VEGF is a most potent and critical mediator of physiological as well as pathological angiogenesis. Its expression and function have been reported in several chronic inflammatory processes; however, its mechanism of function in immunity has been unclear. Recent reports have defined the angiogenesis reaction mediated by VEGF to be proinflammatory in chronic inflammation (7) . Here, we provide evidence that VEGF promotes endothelial cell chemokine production in vitro and in vivo and functions in the recruitment of monocytes and T cells into allografts. VEGF is thus an important proinflammatory cytokine in transplant rejection.
The expression of VEGF has been reported to be associated with allograft rejection (especially chronic rejection) in both experimental models and following human transplantation (22, 24, 25) . In addition, it has been reported that transplant recipients with polymorphisms in the VEGF gene, encoding high VEGF production, are at increased risk for the development of acute renal allograft rejection (23) . Here, we extend upon those observations and demonstrate that intra- graft VEGF has a biological effect in vivo in promoting rejection, as leukocyte infiltration is inhibited following treatment with neutralizing anti-VEGF. Moreover, we demonstrate that induced intragraft VEGF is unlikely to be functional for the development of angiogenesis, as neovascularization is not a component of the rejection process. Rather, we show that the mechanism of function of VEGF appears to involve its ability to mediate intragraft leukocyte trafficking.
It is well established that the process of recruitment involves coordinate interactions among adhesion molecules and chemokines (3, 49) . Multiple individual molecules have been shown to be functional in the process of rejection (49) (50) (51) (52) , suggesting that there is some redundancy in the function of adhesion molecules and chemokines in vivo. It is known that VEGF induces the expression of adhesion molecules in human endothelial cells (9, 10) , and two recent reports have pointed to an effect of VEGF on chemokine production (53, 54) . Here, we extend upon those observations and show that VEGF regulates IP-10, MCP-1, and IL-8, as well as the endothelial cell adhesion molecules E-selectin, ICAM-1, and VCAM-1, in vitro and in vivo. All of these molecules are expressed in association with rejection, and blockade of several molecules or their ligands individually (e.g., IP-10, MCP-1, ICAM-1, and VCAM-1) (49-52) has been shown to prolong allograft survival in murine models. Our data in this study imply that the ability of VEGF to regulate several of these molecules is the basis for its function in leukocyte trafficking. However, we have not fully addressed this complex question at an individual molecular level, and thus this interpretation will require further study. Nevertheless, of all chemokine-chemokine receptor interactions studied to date, the most profound effects on graft survival are seen when the T cell chemoattractant IP-10 or its ligand CXCR3 are targeted (39, 50, 55) . We found that VEGF-dependent T cell trafficking and rejection in vivo was not restricted to the function of IP-10. Our results therefore provide a framework for an analysis of the role of VEGF in the expression and function of individual chemokines and adhesion molecules in leukocyte trafficking, in rejection, and in other cellmediated immune inflammatory diseases (7, 38) .
Another interpretation of our findings is that the major proinflammatory function of VEGF is in the initiation of the inflammatory cascade, rather than in subsequent events resulting from T cell-mediated activation responses. Consistent with this possibility, it is important to note that hypoxia is the major stimulus for VEGF expression (16) . This suggests that VEGF will be produced locally within allografts immediately following transplantation. Additional insults, including platelet and leukocyte recruitment into the graft, will further facilitate the expression of local VEGF (12) as well as other cytokines and chemokines (56) that are of importance in the rejection process (47, 49, 57) . Here, we have provided evidence that early VEGF expression promotes T cell and monocyte recruitment. We suggest that the subsequent induced expression of chemokines (e.g., IP-10) and VEGF are additive in promoting the development of rejection. As it is well established that early insults to allografts (such as prolonged ischemia) have long-term consequences (58) , dysregulation of VEGF at early times following transplantation may have beneficial effects in promoting graft survival. Indeed, in support of this possibility, it has been noted that early (but not late) blockade of VEGF can limit the development of chronic arthritis (38) .
In summary, our results provide compelling evidence that VEGF is a proinflammatory cytokine in allograft rejection. In addition, they provide insight into the role of VEGF in cell-mediated inflammatory reactions in immunity. We suggest that VEGF warrants consideration as a target for future therapeutic intervention following transplantation.
